Deep rough mutants, which produce very defective lipopolysaccharides, are unable to export normal levels of porins into the outer membrane. In this study, we showed that lipopolysaccharides from such mutants were also unable to facilitate the trimerization, in vitro, of monomeric OmpF porin secreted by spheroplasts of Escherichia coli B/r. In contrast, lipopolysaccharides containing most or all of the core oligosaccharides were able to facilitate trimerization.
Lipopolysaccharide (LPS), a unique component of the outer membrane of all gram-negative bacteria (13) , is localized exclusively in the outer leaflet of this membrane (3, 12) , forming an impermeable barrier in addition to imparting strong hydrophilicity to the surface. Earlier, it was found that deep rough strains of Salmonella typhimurium and Escherichia coli, in which LPS lacks much of the core oligosaccharide (especially one or both of the heptose residues, see Fig. 1 ), had decreased amounts of major outer membrane proteins (1, 8) , an effect that produces a disrupted LPS leaflet. This disruption in turn increases the bilayer permeability of the outer membrane and makes the mutants hypersensitive to hydrophobic inhibitors (13, 19) . In S. typhimurium, one of the most severely affected proteins was the one with the mobility of 35 kDa, now known to be the OmpF porin (1, 13), whereas much less effect was observed on the level of the OmpA protein. These data suggest that the interaction between LPS and porin plays a role in the assembly of the porins into the outer membrane and that this interaction requires LPS with a certain minimum structure.
Recently, we obtained more direct evidence for the important role of LPS in the assembly of the OmpF porin (18) .
Thus, when spheroplasts of E. coli B/r were pulse labeled with [35S]methionine, the newly made OmpF protein was secreted into the medium (10) apparently in the form of monomeric proteins (18) . When these nascent monomeric porins were incubated with either crude cell envelopes or purified LPS in the presence of 0.03% Triton X-100, they were assembled into stable trimers (18) , which is the form the protein assumes when it is in the outer membrane. This trimerization process could be conveniently studied by sodium dodecyl sulfate-(SDS) polyacrylamide electrophoresis, as the trimeric form is stable even in the presence of SDS unless heated at 100°C. If this in vitro reaction corresponds to a step in the physiological process of assembly of the OmpF porn into the outer membrane, then we should be able to reproduce the requirement for the core portion of the LPS structure, suggested by the effect of deep rough mutations in intact cells as described above. Here we report that, indeed, deep rough LPS molecules are defective in causing the trimerization of OmpF porin in vitro.
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species, it was desirable to use conditions under which LPS was not present in overwhelming excess. When the monomeric porin from E. coli B/r spheroplasts (in 1 ml of the supernatant fraction prepared as described earlier [18] ) was incubated with 1 or 10 nmol of LPS (prepared from E. coli B/r by the method described in reference 5) under the conditions described in reference 18, the extent of trimerization of OmpF was 20 and 62%, respectively. This suggested that smaller amounts of LPS do not drive the trimerization reaction to the limit and are likely to show differences between the effects of various LPS preparations more clearly. LPS preparations from a series of mutant strains ( Fig. 1 ) were then used to study the possible structural requirement for the trimerization reaction. Although the monomeric porin was from E. coli B/r, LPS from the derivatives of that strain was not suitable, as strain B/r already produces a very defective LPS (13) and a complete series containing all chemotypes could not be obtained from this parent. We therefore prepared LPS from a well-characterized series of S. typhimurium mutants (Fig. 1) , again by the procedure of Galanos et al. (5) . The amount of LPS was determined by assaying for 3-deoxyoctulosonic acid by the method of Osborn (14) . When 1.2 nmol of LPS from each strain was incubated with 0.75 ml of spheroplast supernatant (18) in the presence of 0.03% Triton X-100 for 2 h at 370C, LPS with more-complete core structures produced efficient trimerization, showing that the S. typhimurium LPS was quite active in this system (Fig. 2) . Smaller amounts of dimers, which are seen between the trimers and monomers in Fig. 2 , were also produced. Dimers were identified earlier as an assembly intermediate in intact cells (15) . In contrast, deep rough LPS or lipid A did not facilitate the formation of trimers (Fig. 2) . Since the immunoprecipitation with the mixture of antimonomer and anti-trimer monoclonal antibodies (7, 15) was conducted in the absence of SDS (18) , some unrelated proteins contaminated the precipitate; however, these contaminants were not porins, because all forms of OmpF porin collapsed into monomers with the mobility corresponding to 38 kDa when heated at 100°C in the presence of SDS (see also the legend to Fig. 2) . When the extent of trimerization was quantitated by comparison of the intensities of monomer bands in boiled and unboiled samples by methods described earlier (18) trimerization, whereas Ra and Rb LPS were fully effective (Table 1) . This is fully consistent with the effect observed in intact cells, where mutants producing Rd and Re LPS are very defective in assembling OmpF porin into the outer membrane whereas those producing Ra, Rb, and Rc LPS are not (1, 19) . These results thus support the hypothesis that the in vitro trimerization indeed represents a step in the physiological process of the export and assembly of the porin in the outer membrane.
What could be the precise structural feature of the LPS needed for its interaction with porin? Since Rc LPS appears to be active in intact cells (1, 19) and at least moderately so in our cell-free system (Table 1) , the structure used for recognition could be the glucose residue present in Rc LPS but missing from Rd1 LPS. However, another candidate is the phosphate residue on the distal heptose residue of Fig. 1 . Muhlradt showed that the phosphorylation of this residue in a cell-free system requires prior addition of glucose residue (11) . LPS from Rd1 mutants, which lack this glucose residue, contains the distal heptose residue in the unphosphorylated state (4), a result showing that the reaction sequence deduced in a cell-free system (11) operates in intact cells. Finally, mutants deficient specifically in the phosphorylation reaction apparently have difficulty in assembling outer membrane proteins, as judged by their hypersensitivity to hydrophobic inhibitors (17) . These considerations will form the basis of future studies on the molecular mechanisms of interaction between LPS and porin. It should also be noted that recent electron diffraction studies of the two-dimensional arrays of E. coli porin showed that the center of the porin trimer is filled with a molecule(s) that may correspond to LPS (6); this structure is consistent with the presumed role of LPS in acting as a core for the assembly of the trimeric porin.
In addition to its role in the trimerization of porin, LPS also appears to affect the functions of the already assembled porin trimers. Thus, Schindler and Rosenbusch (16) showed that the gating property of the OmpF porin channel in planar bilayers was altered by the presence of LPS, and Datta et al. (2) 
